NASA/TM-2005-2 13765 



Test and Analysis of a Hyper-X Carbon-Carbon 
Leading Edge Chine 


Russell W. Smith, Joseph G. Sikora, and Michael C. Lindell 
Langley Research Center, Hampton, Virginia 


May 2005 


The NASA STI Program Office ... in Profile 


Since its founding, NASA has been dedicated to the 
advancement of aeronautics and space science. The 
NASA Scientific and Technical Information (STI) 
Program Office plays a key part in helping NASA 
maintain this important role. 

The NASA STI Program Office is operated by 
Langley Research Center, the lead center for NASA’s 
scientific and technical information. The NASA STI 
Program Office provides access to the NASA STI 
Database, the largest collection of aeronautical and 
space science STI in the world. The Program Office is 
also NASA’s institutional mechanism for 
disseminating the results of its research and 
development activities. These results are published by 
NASA in the NASA STI Report Series, which 
includes the following report types: 

• TECHNICAL PUBLICATION. Reports of 
completed research or a major significant phase 
of research that present the results of NASA 
programs and include extensive data or 
theoretical analysis. Includes compilations of 
significant scientific and technical data and 
information deemed to be of continuing 
reference value. NASA counterpart of peer- 
reviewed formal professional papers, but having 
less stringent limitations on manuscript length 
and extent of graphic presentations. 

• TECHNICAL MEMORANDUM. Scientific 
and technical findings that are preliminary or of 
specialized interest, e.g., quick release reports, 
working papers, and bibliographies that contain 
minimal annotation. Does not contain extensive 
analysis. 

• CONTRACTOR REPORT. Scientific and 
technical findings by NASA-sponsored 
contractors and grantees. 


• CONFERENCE PUBLICATION. Collected 
papers from scientific and technical 
conferences, symposia, seminars, or other 
meetings sponsored or co-sponsored by NASA. 

• SPECIAL PUBLICATION. Scientific, 
technical, or historical information from NASA 
programs, projects, and missions, often 
concerned with subjects having substantial 
public interest. 

• TECHNICAL TRANSLATION. English- 
language translations of foreign scientific and 
technical material pertinent to NASA’s mission. 

Specialized services that complement the STI 
Program Office’s diverse offerings include creating 
custom thesauri, building customized databases, 
organizing and publishing research results ... even 
providing videos. 

For more information about the NASA STI Program 
Office, see the following: 

• Access the NASA STI Program Home Page at 
http://www.sti.nasa.gov 

• E-mail your question via the Internet to 
help@sti.nasa.gov 

• Fax your question to the NASA STI Help Desk 
at (301) 621-0134 

• Phone the NASA STI Help Desk at 
(301) 621-0390 

• Write to: 

NASA STI Help Desk 

NASA Center for AeroSpace Information 

7121 Standard Drive 

Hanover, MD 21076-1320 



NASA/TM-2005-2 13765 



Test and Analysis of a Hyper-X Carbon-Carbon 
Leading Edge Chine 


Russell W. Smith, Joseph G. Sikora, and Michael C. Lindell 
Langley Research Center, Hampton, Virginia 


National Aeronautics and 
Space Administration 

Langley Research Center 
Hampton, Virginia 23681-2199 


May 2005 


Available from: 


NASA Center for AeroSpace Information (CASI) 
7121 Standard Drive 
Hanover, MD 21076-1320 
(301) 621-0390 

National Technical Information Service (NTIS) 
5285 Port Royal Road 
Springfield, VA 22161-2171 
(703) 605-6000 





Abstract 


During parts production for the X43A Mach 10 hypersonic vehicle nondestructive evaluation 
(NDE) of a leading edge chine detected an imbedded delamination near the lower surface of the 
part. An ultimate proof test was conducted to verify the ultimate strength of this leading edge 
chine part. The ultimate proof test setup used a pressure bladder design to impose a uniform 
distributed pressure field over the bi-planar surface of the chine test article. A detailed 
description of the chine test article and experimental test set-up is presented. Analysis results 
from a linear static model of the test article are also presented and discussed. Post test 
inspection of the specimen revealed no visible failures or areas of delamination. 

Introduction 

The Hyper-X flight demonstrator program represents NASA’s state of the art in hypersonic flight 
vehicles and technology. In addition to having SCRAM type engines (ref. 1) versus the more 
traditional RAM engines in a Mach regime of 7-10, the X43A also has Carbon-Carbon (C-C) 
leading edge sections to withstand peak heating conditions and flight pressure loads. Due to 
concerns over subsurface density variations, evidenced in a prototype leading edge chine that had 
delaminated near the surface, it was decided that an ultimate proof test was warranted to further 
evaluate the load carrying capability of the part. Additionally, due to the tight schedule required 
to accomplish the ultimate proof test, the concept of a pressurized bladder for load introduction 
was designed and implemented. This paper discusses the leading edge chine design and mission 
profile, the test article and test set-up, as well as the analytical and experimental results. 

Mission Profile and Thermo-mechanical Loading 


An artist’s conceptual portrayal of the X43A vehicle in flight with the vehicle’s projected flight 
profile is shown in Figure 1. During the ascent portion of the flight at Mach 2.8 and near 
maximum dynamic pressure (max-q) flight loads, an average worst case calculated flight load 
pressure of 1.13 psi over the leading edge chine section was determined. Figure 2 shows various 
views of the vehicle with the C-C leading edge area at the perimeter of the nose section (ref. 2). 
Peak heating flight data, for the second Mach 7 flight, indicated temperatures limited to the 
1600°F-1800°F region (ref. 2). During the third and final Mach 10 flight, temperatures in the 
chine area were expected to be in the 2000°F range and above. The envisioned thermal 
environment in flight was not considered an issue for the cantilever chine section’s structural 
response. Carbon-Carbon type materials tend to have increasing strength levels well into the 
2000°F temperature range, and hence, a room temperature proof test was deemed conservative. 
The projected total limit load on the flight section was calculated to be 50 lb.; thus, with a Factor 
of Safety (FS) of 2.0 the total target ultimate load was determined to be 100 lb. 



Test Specimen 


The C-C chine test article section is shown in Figure 3 and consists of a bi-planar and curved 
contour surface that is 3 in. wide by 16 in. long and has a tapering thickness. The pressurized 
specimen area consists of a 3 in. wide flat at the thicker aft end of the specimen (Figure 3B), a 
nominal 16 in. length, and towards the thinned down forward section (Figure 3C) two planar 
areas with a combined planar dimension of approximately 3.25 in. Also shown in Figure 3 is a 
mounting flange area, 1 in. wide by 0.25 in. thick, that when attached to the flight vehicle forms 
a cantilever beam supported structure. 

Load Introduction Pressure Bladder and Test Fixture Description 

The concept behind the ultimate proof load test rig is that of a pressurized bladder or conformal 
pressure vessel. Since static pressurization within a cavity acts nonnal to the surface of the cavity 
the bladder concept allows for a simple, uniform distributed pressure load application. A 
sectional side view of the test fixture is shown in Figure 4 with the reactive/supportive test 
fixture wall sections. Also shown in Figure 4, is the 0.030 in. worst case gap offset which could 
result when the chine section is mounted to the supporting side walls of the X43 A vehicle. 
Incorporating the gap offset allowed the chine test article to rotate in a manner representative of 
actual vehicle boundary conditions. The minimization of this gap would create an interface (with 
the supporting side-wall) which could serve to artificially stiffen the edge boundary conditions. 

An isometric backside view of the aluminum test fixture is shown in Figure 5 with end sections 
and a spacer plate. Initially the pressure bladder was to be truncated by the end sections as shown 
in Figure 5, but during the test setup it was easier and more expedient, to have the end close out 
sections removed. This effectively eliminated all of the issues of how the bladder would defonn 
onto the specimen in the close-out area, and the concern of possible perforation of the bladder. 
The spacer plate section, located at the rear of the fixture, allows for clamping of the fixture to 
the same thickness level as the C-C mounting flange preventing possible excessive compressive 
loads in the specimen flange area. 

Test Sequence 

During test set-up a reference load plate of 46 sq. in. was used to calibrate the desired final load 
based on the pressure input to the bladder (Figure 6). To achieve the 100 lb ultimate load, force 
would be equal to pressure multiplied by area (or F = PA). Therefore a pressure value of 2.2 psi 
based upon the reference load plate of 46 sq. in. would result in a load of 101 lb. However, due 
to the bi-planar contoured nature of the pressurized surface (Figure 3A), the actual pressurized 
area of the specimen was slightly larger than the 46 sq. in. used during the calibration process. 
Triangular and quadrilateral area calculations of the specimen top surface yielded a value of 48.9 
sq. in., and two graphical area assessments yielded values of 48.6 sq. in. and 49.3 sq. in., 
respectively. An average of the three area measurements gives a value of 48.9 sq. in. Therefore, 
the final load applied to the cantilever section was equal to the ratio of the actual area divided by 
the reference area, which effectively becomes a scaling coefficient (or corrective coefficient) on 
the actual applied load. Therefore, the actual total load equals (48.9/46) x 100 lb = 106.3 lb total 
force applied to the specimen. 
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Figure 7 shows the X43A Carbon-Carbon chine specimen mounted in the test fixture for pressure 
testing. The required minimum load duration was determined to be 130 seconds (ref. 3). Shop air 
and a hand controlled pressure valve were used to implement the pressurization loads. The load 
sequence consisted of a 4 minute ramp to the target pressure, a 130 second hold period and then 
a subsequent rapid release of the pressure load over a 5 second interval. 

Analysis 

The finite element model (FEM) used for analysis of the X43A C-C chine section is shown in 
Figure 8. The model consists of 143,816 solid elements (8-noded brick and 6-noded wedge 
elements) utilizing the MSC NASTRAN (ref. 4) FEM code for analysis with MSC PA TRAN 
(ref. 5) utilized as the pre, and post, processing software. The limit pressure load on the chine, 
from launch through the engine test, occurs during the ascent phase near the time of max q. A 
1.13 psi uniform pressure distribution across the chine is a conservative approximation of the 
calculated aerodynamic pressure distribution. A 2.0 FS was applied to the limit pressure with the 
resulting load shown in Figure 8B. 

As shown in Figure 9, stress contour plots for the chine section are given for two different 
imposed boundary conditions. Figure 9A shows the bending stress results due to the mounting 
flange (fig. 3) being fixed halfway across the width of the mounting flange tab resulting in a 
localized peak stress of 1260 psi. As shown in Figure 9B, a support condition fixed at a distance 
of 0.083 in. away from the thicker section shows peak stresses at the tab cross section of 583 psi. 
Hence, the stress result case, as shown in Figure 9 A, is conservative, and stress values are 
reduced as the FEM boundary condition is fixed as close as possible to the chine/chine tab 
interface section. The C-C chine material has an expected failure strength in excess of 5000 psi. 
Therefore the part has an ample margin of safety (MS) during the ascent portion of the flight at 
Mach 2.8 and near max-q flight loads. 

Post Test Inspection 

After completion of the test sequence the specimen was visually inspected. Neither 
delaminations nor failure areas were evidenced. Additionally, there were no audible indications 
of specimen failure during the test as well. 

Concluding Remarks 

The pressure bladder load introduction concept performed very well. This approach provided a 
quick, simple, and efficient method of applying a uniform pressure field onto a bi-planar 
contoured specimen surface. 

The potential of the pressure bladder load introduction concept for broad application in thermo- 
mechanical testing of structures would require experimentation in various thennal environments 
and on various test specimen geometries. Test specimen geometries could range from one such 
as that reported in this paper (a single bi-planar surface with no built up features) to geometries 
as complex as highly built-up integrated vehicle structures. 


3 



Acknowledgements 

The authors wish to gratefully acknowledge the contributions of the following individuals in 
support of this research effort: 

Dr. Max Blosser and Dr. Steve Scotti of the Metals and Thermal Structures Branch (MTSB) for 
their insight into thermo-structural testing as well as the graphic designers at the Dryden Flight 
Research Center for their excellent web-site graphics which are reproduced herein. 

References 

1. Huebner, Lawrence D.; Rock, Kenneth E.; Witte, David W.; Ruf, Edward G.; and Andrews, 
Earl H.: Hyper-X Engine Testing in the NASA Langley 8-Foot High Temperature 

Tunnel , 36th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Huntsville, 
Alabama, AIAA 2000-3605, July 17-19, 2000, pp. 13. 

2. Amundsen, Ruth M.; Leonard, Charles P.; and Bruce, Walter E. III.: Hyper-X Hot 
Structures Comparison of Thermal Analysis and Flight Data, 15th Thermal and Fluids 
Analysis Workshop (TFAWS), Pasadena, California , August 30 - September 3, 2004. 

3. Ohlhorst, C. W.; Vaughn, W.L.; Lewis, R.K.; and Milhoan, J.D.: Arc Jet Results on 
Candidate High Temperature Coatings for NASA's NGLT Refractory Composite 
Leading Edge Task , JANNAF 39th CS/27th APS/2 1st PSHS/3rd MSS Joint Subcommittee 
Meeting, Colorado Springs, Colorado, December 1-5, 2003. 

4. Kilroy, K., MSC/NASTRAN, Quick Reference Guide, The MacNeal-Schwendler 
Corporation, June 1997. 

5. MSC/PATRAN User Manual, MacNeal-Schwendler Corporation. Version 2000 (r2). August 

2000 . 


4 




(A) 


100 . 000 - 



I Hyper-X free flight 


Descent 

•- Scramjet 
engine start 

L Hyper-X booster \ E " e r r ^,^"^ S 
separation \ to reduce speed/ 

^ energy 

Booster burn-out 


40 000 “ 



Experiment 1 


Air launch 

(Over water) 



Distance 


(B) 


Figure 1: Hyper-X In-flight (artist’s portrayal) and Flight Profile, 
(http : // www. dfrc.nasa.gov/gallery/graphics/index.html) 
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Figure 2: Various Views of X43 A Flight Vehicle with Leading Edge Nose Perimeter, 
(http : // www. dfrc . nas a. go v/g all ery ! gr aphic s/index, html) 
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(C) 


Figure 3: X43A Carbon- Caron Leading Edge Chine as Tested. 
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Figure 4: X43A Section Side View of Pressure Reactive Test Fixture. 
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Figure 6: Calibration of Test Fixture Prior to Testing. 
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Figure 7: X43A Chine During Ultimate Proof Load Test. 


11 








(B) 


Figure 8: Finite Element Model of Carbon-Carbon Chine Showing Mesh & Elements. 
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Figure 9: FEA Stress Contour Plots for C-C Chine. 
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